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a b s t r a c t
The Southern Irumide Belt (SIB) is an orogenic belt consisting of a number of lithologically varied Mesoproterozoic and Neoproterozoic terranes that were thrust upon each other. The belt lies along the southwest margin of the Archaean to Proterozoic Congo Craton, and bears a Neoproterozoic tectonothermal overprint relating to the NeoproterozoiceCambrian collision between the Congo and Kalahari cratons. It preserves a record of about 500 million years of plate interaction along this part of the Congo margin. Detrital zircon samples from the SIB were analysed for UePb and LueHf isotopes, as well as trace element compositions. These data are used to constrain sediment-source relationships between SIB terranes and other Gondwanan terranes such as the local Congo Craton and Irumide belt and wider afield to Madagascar (Azania) and India. These correlations are then used to interpret the Mesoproterozoic to Neoproterozoic affinity of the rocks and evolution of the region. Detrital zircon samples from the CheworeeRufunsa and Kacholola (previously referred to as LuangwaeNyimba) terranes of the SIB yield zircon UePb age populations and evolved ε Hf (t) values that are similar to the Muva Supergroup found throughout eastern Zambia, primarily correlating with UbendianeUsagaran (ca. 2.05e1.80 Ga) phase magmatism and a cryptic basement terrane that has been suggested to underlie the Bangweulu Block and Irumide Belt. These data suggest that the SIB was depositionally connected to the Congo Craton throughout the Mesoproterozoic. The more eastern NyimbaeSinda terrane of the SIB (previously referred to as PetaukeeSinda terrane) records detrital zircon ages and ε Hf (t) values that correlate with ca. 1.1e1.0 Ga magmatism exposed elsewhere in the SIB and Irumide Belt. We ascribe this difference in age populations to the polyphase development of the province, where the sedimentary and volcanic rocks of the NyimbaeSinda terrane accumulated in extensional basins that developed in the Neoproterozoic. Such deposition would have occurred following late-Mesoproterozoic magmatism that is widespread throughout both the Irumide and Southern Irumide Belts, presently considered to have occurred in response to collision between a possible microcontinental mass and the Irumide Belt. This interpretation implies a multi-staged evolution of the ocean south of the Congo Craton during the mid-Mesoproterozoic to late-Neoproterozoic, which ultimately closed during collision between the Congo and Kalahari cratons.
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Introduction
The southern margin of the Palaeoproterozoic/Archaean Congo Craton is traced from the Namibian Central Damara Belt, to the Lufillian Arc and Zambezi Belt of Zambia, Zimbabwe, Malawi and Mozambique (e.g. Collins and Pisarevsky, 2005; De Waele et al., 2008; Merdith et al., 2017) . Collectively, these features are referred to the DamaraeLufilianeZambezi orogen (Fig. 1) . The orogen is of considerable significance as it contains the evidence of the tectonic geography of the Congo Craton through half a billion years of Earth history: from its role in Rodinia, including whether it was a part of Rodinia or not (Kröner and Cordani, 2003; De Waele et al., 2008) , to its relationship with the Kalahari continent that is located to its present-day south. One curious feature of this orogen is that the geology of the central Damara region suggests relative tectonic quiescence during much of the Tonian period, with rifting occurring on the southern Congo Craton at ca. 760 Ma (McGee et al., 2012) . In contrast, the Tonian was a time of volcanic arc magmatism and terrane accretion for the Zambezi Belt region and parts of Mozambique (Johnson et al., 2005; Bingen et al., 2009 ). Understanding this contrasting tectonic geography, apparently along orogenic strike, is required to understand the plate margin evolution of this region, a major step towards understanding the plate evolution record of Neoproterozoic central Gondwana (see Merdith et al., 2017) .
The Southern Irumide Belt (SIB; Johnson et al., 2006 ) is a broadly ENEeWSW trending orogenic belt consisting of late Mesoproterozoic and Neoproterozoic metasedimentary and metaigneous rocks. The SIB is located between the Congo and Zimbabwe cratons (the northern part of the Neoproterozoic Kalahari Craton; Fig. 1 ) and has a Neoproterozoic structural overprint related to Gondwana amalgamation (Johnson et al., 2005; De Waele et al., 2008) . In Zambia, the SIB has been the subject of relatively few studies leaving many questions unanswered regarding its origin and tectonic evolution. Late-Mesoproterozoic supra-subduction zone arc magmatism identified in the western-most CheworeeRufunsa terrane, in conjunction with similar magmatism observed in Malawi and Mozambique , implies the existence of an ocean to the south of the Congo Craton at this time Figure 1 . Simplified tectonic map of central Africa adapted from Hanson (2003) and Karmakar and Schenk (2016 (Johnson et al., 2007b; Begg et al., 2009) . However, the evolution of such an ocean is poorly constrained at present. Furthermore, the southern and eastern margins of the Congo Craton were suggested as the source region for the abundant Palaeoproterozoic detrital zircons found in parts of central Madagascar and the Southern Granulite Terrane of India linking these regions to the Congo Craton in the Mesoproterozoic (Cox et al., 1998 (Cox et al., , 2004 Fitzsimons et al., 2004; Plavsa et al., 2014; Archibald et al., 2015) . These relationships were the basis for proposing this region as a separate Neoproterozoic continent named Azania (Collins and Windley, 2002; Collins and Pisarevsky, 2005) . However, the correlation was made based on the sparse data available at the time and has not been sufficiently tested, especially using other detrital fingerprints, such as zircon trace element and/or LueHf isotopic compositions.
This study presents detrital zircon laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) UePb isotope and trace element data in conjunction with multicollector LA-ICP-MS (LA-MC-ICP-MS) LueHf isotope data from the SIB in Zambia. These data are used to constrain both the depositional ages of protoliths and isotopic nature of zircon sources for metasedimentary lithologies found within the three western-most terranes (CheworeeRufunsa, Kacholola, and NyimbaeSinda) of the SIB. These data are compared to neighbouring terranes to suggest correlations between major metasedimentary sequences in the SIB, elsewhere in Africa and even further afield in Madagascar and India. These correlations can represent depositional connections, where both basins received input for the same sources, providing palaeogeographic constraints for the southern Congo margin.
Regional geology

The eastern Congo Craton
The Congo Craton refers to the amalgamated central African landmass at the time of Gondwana assembly (De Waele et al., 2008) , and is comprised of several cratonic blocks. The Bangweulu Block and Tanzanian Craton are located to the eastern side of the Congo Craton ( Fig. 1) and are interpreted to have a formed a single continental block from the early Proterozoic onwards, suggested to be marked by the UbendianeUsagaran orogen. This ca. 2.05e1.80 Ga orogen is interpreted to have been a long lived active margin that is now located between the two cratons, along the southern margin of the Tanzanian Craton. The Bangweulu Block lies south of the Tanzanian Craton, in northern Zambia. This block is characterised by basement lithologies consisting of schists and coarse to porphyritic granitoids, which are unconformably overlain by fluvial, aeolian and lacustrine sediments of the Paleoproterozoic Muva Supergroup (Daly and Unrug, 1982; De Waele et al., 2006a ). De Waele et al. (2006b suggested that the nucleus of the Bangweulu Block is an Archean craton but contact relationships are obscured by these Palaeoproterozoic sediments. Granitoids in the Bangweulu Block that formed at ca. 1.85 Ga, are undeformed and have high-K, calc-alkaline geochemical characteristics (Brewer et al., 1979; Schandelmeier, 1980 Schandelmeier, , 1983 De Waele et al., 2006b ). These were interpreted by Brewer et al. (1979) as shallow intrusions as they are associated with volcanism, which were suggested to represent an active volcanic arc (Daly and Unrug, 1982) . De Waele et al. (2006b) noted a lack of evidence for crustal thickening and exhumation in the Bangweulu Block that would be associated with such an arc. De Waele et al. (2006b) additionally noted that the EeW trending schist belts of the Bangweulu Block appear to merge with similar lithologies of the NNWeSSE trending Ubendian Belt at some localities, but are terminated by shear zones in others.
The Irumide Belt
The Irumide Belt sensu stricto (herein referred to as the Irumide Belt) is located to the south of the Bangweulu Block ( Fig. 1) and is a NEeSW trending Mesoproterozoic orogenic belt comprised of deformed Palaeoproterozoic granitic basement, folded metasedimentary units and voluminous granitoid intrusions of ca. 1.05e1.00 Ga age (Daly, 1986; De Waele et al., 2006a ). The metasedimentary units consist of a succession of quartzites and metapelites and are grouped into the Muva Supergroup, which is interpreted to have been deposited during the Palaeoproterozoic. SHRIMP UePb detrital zircon ages from the Muva Supergroup are in the range of ca. 3.2e1.8 Ga with major peaks at ca. 2.1 Ga and 1.9 Ga. The maximum depositional age is ca. 1.85 Ga with a minimum depositional age of ca. 1.6 Ga constrained by granite emplacement in the Irumide Belt (De Waele et al., 2003; De Waele and Fitzsimons, 2007) . Peak metamorphism in the Irumide Belt is interpreted to have occurred at ca. 1020 Ma and is represented by upper-amphibolite facies (7e8 kbar and w650 C) mineral assemblages (De Waele, 2004) . Peak metamorphism is coincident with large scale structural overprinting along the southern margin of the belt and by the intrusion of primarily calc-alkaline granitoids. The lack of juvenile material present in the Irumide Belt has been used to suggest that the belt acted as a passive margin on the southeast margin of the Congo Craton, and that the active continental margin was further south and is represented by the SIB (De Waele et al., 2006b ).
The Southern Irumide Belt
Regional context, extent and correlations
Early work noted deformed Mesoproterozoic rock south of the Irumide Belt, which had been considered as part of the Mozambique Belt and/or Irumide Belt (Johns et al., 1989) . The term Southern Irumide Belt was later introduced by Johnson et al. (2005) , who consider the belt to be distinct (detailed below) and separate to the Irumide and Mozambique belts. The Southern Irumide Belt remains the focus of ongoing research due to the suggestion that it represents a discrete continental block that was accreted to the Congo crustal assemblage (De Waele et al., 2006b Johnson et al., 2007b; Begg et al., 2009) . Lithologies of the SIB crop out in Zambia, Malawi, Mozambique, and Tanzania (Fig. 1) . In Zambia, the SIB is located immediately south of the Irumide Belt though any continuity/discontinuity between the SIB and Irumide Belt is obscured by a Permo-Triassic Karoo Graben that forms the Luangwa Valley (Johnson et al., 2006) . Aeromagnetic data have been used to interpret that a major shear zone (Mwembeshi Shear Zone) runs between the belts, though this feature is concealed by the graben sediments (Johnson et al., 2006; Sarafian et al., 2018) . The Zambian portion of the SIB has been subdivided into four imbricated terranes, from west to east these terranes have been referred to as the CheworeeRufunsa, LuangwaeNyimba, PetaukeeSinda, and Chipata terranes ( Fig. 2 ; Mapani et al., 2004; Johnson et al., 2006) . Here we partially adopt the nomenclature of these studies, though we instead refer to the LuangwaeNyimba Terrane as the Kacholola Terrane. This name instead refers to a location within the terrane, as the towns of Luangwa and Nyimba are either on the shear zone boundary or outside the defined area of the terrane. We also refer to the PetaukeeSinda Terrane instead as the NyinbaeSinda Terrane, which better encompasses the extent of fault-bounded Neoproterozoic lithologies comprising this terrane. In the Tete Province of northwest Mozambique, the SIB has been subdivided into a series of terranes with supracrustal sequences that display little cohesion and granitoids with ages ranging from ca. 1.2 to 1.05 Ga (Westerhof et al., 2008) . The sediments in these terranes display detrital zircon age populations of ca. 2.7, 2.5, 2.1, 1.9, 1.3 and 1.2 Ga (Westerhof et al., 2008, and references therein) . In northeast Mozambique a number of Palaeoproterozoic to Mesoproterozoic complexes that record variable degrees of lateNeoproterozoic metamorphism have been identified Boyd et al., 2010) . The Mesoproterozoic Unango and Marrupa complexes identified in this region primarily consist of ca. 1.1 to 1 Ga orthogneiss, and are interpreted to have formed on the Congo margin with the SIB, possibly representing an eastern continuation of the belt. Neoproterozoic granitoids in southern Tanzania have been linked with these rocks in Mozambique, and possibly represent a continuation of the Marrupa Complex (Hauzenberger et al., 2014; Thomas et al., 2014) . Later work identified rocks bearing ca. 1.0 Ga overprints in southern Tanzania, additionally observing an orthogneiss that yields a crystallisation age of ca. 1.1 Ga. This work also analysed a sample of quartzite in a metasedimentary sequence with marble, which was shown to contain predominantly ca. 1.1e1.0 Ga detritus with ca. 2.7 Ga and 2.0 Ga populations. This is suggested to represent a post-Irumide basinal sequence, with no rigorous constraint on a minimum depositional age (Hauzenberger et al., 2014; Thomas et al., 2016) . Similar rocks are also preserved in the Nampula Complex of northeast Mozambique, which is also comprised of ca. 1.1e1.0 Ga orthogneiss that is generally older than that preserved in the Unango and Marrupa complexes. However, this complex is instead interpreted to have accreted to the Kalahari Craton prior to CongoeKalahari collision (Macey et al., 2010) . This collision resulted in its current position, separated from the other Mesoproterozoic complexes by the WSWeENE trending Lurio Belt that is suggested to represent a suture zone between the Congo and Kalahari cratons ).
Timing of magmatism and metamorphism in the SIB
SIB magmatism is constrained to between ca. 1095 and 1040 Ma in Zambia and northwest Mozambique ( Fig. 3 ; Johnson et al., 2006 Johnson et al., , 2007b Westerhof et al., 2008) and involved the contamination of juvenile material by silicic continental crust, typical of a continental-margin-arc setting (Johnson et al., 2007b) . Here, metamorphism is identified as high-temperature, low-pressure and is contemporaneous with magmatism. The tectonic settings of the eastern terranes in this area are poorly constrained, though preliminary work suggests these to be components of an accreted island arc complex or a continuation of the continental-margin-arc (Mapani et al., 2001; Johnson et al., 2006 Johnson et al., , 2007b . In northeast Mozambique, SIB magmatism is constrained to between ca. 1060 and 950 Ma ( Fig. 3 ; Bingen et al., 2009) . The magmatism in these Mesoproterozoic complexes is both voluminous and felsic in composition, and as such is also interpreted to have formed in a continental-margin-arc setting. Notably, metamorphism in the (Agar, 1984; Ray, 1984; Vayrda, 1984) and Johnson et al. (2006) . Lithological data for Mozambique is adapted from Westerhof et al. (2008) . Shading for Malawi and tectonic units outside of the SIB and Malawi follow the legend in Fig. 1 .
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Unango and Marrupa complexes is younger than that recorded in Zambia and northwest Mozambique, instead dated at ca. 950 Ma. UePb, Hf and Nd isotopic data obtained by Johnson et al. (2007b) suggest that the Zambian terranes of the SIB were formed on variably reworked Palaeoproterozoic basement. Similarly, Archaean to Palaeoproterozoic components are also identified in northeast Mozambique . A marginal basin ophiolite (Chewore ophiolite) dated at 1393 AE 22 Ma (Oliver et al., 1998) was observed in northern Zimbabwe, though lithological and geochemical characteristics suggest that it is not directly related to the ca. 1070 Ma continental-margin-arc magmatism (De Waele et al., 2008; Westerhof et al., 2008) . Younger magmatic rocks in the belt are broadly restricted to the NyimbaeSinda Terrane in Zambia as well as the Unango and Marrupa complexes of Mozambique (Fig. 3) . A syenite pluton in the Unango Complex yields a crystallisation age of 799 AE 8 Ma, while a charnockite pluton in the Marrupa Complex yielded a crystallisation age of 753 AE 13 Ma and metamorphic age of 549 AE 22 Ma ). The ages yielded by this pluton are both within error of similar ages recorded by widespread orthogneiss located within the NyimbaeSinda Terrane, which yields protolith UePb ages of 742 AE 13 Ma and has an interpreted metamorphic age of 536 AE 10 Ma (Johnson et al., 2006) . This gneiss is interpreted to be closely associated with predominantly andesitic volcanics that are also located in this terrane (Barr and Drysdall, 1972; Johnson et al., 2006) . Direct age constraints are not available for the volcanics, though underlying granite has yielded a crystallisation age of ca. 1040 Ma. Post-kinematic granite is also widespread throughout the NyimbaeSinda Terrane and yields a crystallisation age of ca. 500 Ma. This is broadly consistent with the syenite intrusions found within the prominent Nyamadzi Shear Zone north-east of the NyimbaeSinda Terrane (Johnson et al., 2006) . Broadly coeval postkinematic magmatism is observed in the complexes of northeast Mozambique, with crystallisation ages ranging from ca. 550 to 490 Ma ( Fig. 3 ; Bingen et al., 2009 ).
Relationship to the Irumide Belt and Congo Craton
Several distinct differences can be observed between the SIB and the Irumide Belt, which has led a number of authors to conclude that there is no genetic relationship between the two belts (Johnson et al., 2006 (Johnson et al., , 2007b De Waele et al., 2008; Westerhof et al., 2008; Hauzenberger et al., 2014) . While the SIB contains an array of deformed sedimentary, igneous and volcanic units with related intrusions (Johnson et al., 2006 (Johnson et al., , 2007b De Waele et al., 2006b; Westerhof et al., 2008; Hauzenberger et al., 2014) , the Irumide Belt is largely composed of granitoids and the metasedimentary Muva Supergroup (Daly and Unrug, 1982; Daly et al., 1984; Daly, 1986; De Waele and Mapani, 2002) . Metamorphism in the Irumide Belt occurred at ca. 1020 Ma and involved pressures around 7e8 kbar as a result of crustal thickening processes. This is distinct from metamorphism in the SIB, which was considered to have occurred between ca. 1090 and 1040 Ma and involved peak pressures below 4 kbar (Goscombe et al., 2000; Johnson et al., 2006 Johnson et al., , 2007b . Johnson et al. (2007b) argued that this difference in the timing and nature of metamorphism without a gradual transition is unlikely to be due to the diachronous development of a single Irumide belt. However, recent pressureetemperature estimates obtained for the Chipata Terrane by Karmakar and Schenk (2016) yield values of w900e1000 C and 5e6 kbar. These authors also obtained UePb monazite ages that indicate that metamorphism was contemporaneous with that in the Irumide Belt. On the basis of contrasting styles and timing of metamorphism, as well as the Mwembeshi dislocation between the SIB and Irumide Belt, Johnson et al. (2006) suggested that there is no genetic relationship between the belts and that the presence of the Luangwa Valley between them masks a key suture along the margin of the Congo Craton. With no genetic relationship between the belts, Johnson et al. (2007b) argued that the SIB did not develop on the Congo margin and instead developed via subduction of continental crust under the margin of a micro-continental mass later named the Rushinga Microcontinent (Begg et al., 2009) , which ultimately lead to ocean closure at ca. 1040 Ma. This model suggests that collision between the SIB and Congo craton margin led to the cessation of magmatism in the SIB, and initiated compression and crustal melting in the Irumide Belt. Alternatively, Bingen et al. (2009) suggested that the terranes and complexes identified in the SIB could have always been a part of the southern Congo margin, which acted a long-lived active margin and experienced at least one event of foreland propagation between ca. 1020 and 1005 Ma.
Methods
Three samples of quartzite (Z14-01, Z14-02, Z14-17) and one sample of psammite (Z14-05) were collected for detrital zircon UePb geochronology, trace element analysis and LueHf isotopic analysis from the SIB in Zambia. Three additional detrital zircon samples from the Irumide Belt were analysed for LueHf isotopic data. These samples were previously age dated using UePb geochronology, the details of which are reported in De Waele et al. (2006a) .
UePb detrital zircon geochronology
UePb and trace element data were obtained from separated detrital zircon grains that were extracted from crushed rocks using standard magnetic and heavy liquid techniques. Zircon separates were hand-picked, mounted in epoxy resin and then polished to expose the grains. The grains were imaged using an FEI Quanta 600 Scanning Electron Microscope (SEM) with a Gatan cathodoluminescence detector attached to identify compositional domains that were suitable for analysis. Zircon grains were analysed for UePb isotopes and trace elements using an Agilent 7900 ICP-MS and NewWave UP213 Laser Ablation System. Trace elements analysed include the rare earth elements (REE; with the exception of Pm) and P. Pb age of 333.7 AE 9.9 Ma (2s, n ¼ 61). UePb data were reduced using GLITTER (Jackson et al., 2004) , while trace element data were reduced using IOLITE (Paton et al., 2011) . Upper and lower concordia intercepts of samples were calculated using ISOPLOT (Ludwig, 2004) , in addition to the modelling method of Reimink et al. (2016) .
LueHf isotope analysis
LueHf isotope analysis in zircon was conducted at the University of Adelaide using a New Wave UP-193 Excimer laser attached to a Thermo-Scientific Neptune Multi-Collector ICP-MS. Analytical methods follow Payne et al. (2013) . A spot size of w50 mm was used for all appropriately sized zircon grains, decreasing to 35 mm for smaller grains. Zircons were ablated in a He atmosphere, which was mixed with Ar upstream of the ablation cell, for between 40 and 100 s with a 5 Hz repetition rate, a 4 ns pulse rate, and an intensity of w6e8 J/cm 2 . Data were normalised to 179 Hf/ 177 Hf ¼ 0.7325, using an exponential correction for mass bias. Yb and Lu isobaric interferences on 176 Hf were corrected for following the methodology of Woodhead et al. (2004) . Reduction of zircon data was undertaken using the Hf isotope data reduction spreadsheet, HfTRAX (Payne et al., 2013) . Known reference materials (Mud Tank and Ple sovice) were run throughout the analytical session to verify the stability and performance of the instrument. The primary standard used was Plesovice, which yielded a mean 176 Hf/ 177 Hf ratio of 0.282470 AE 0.000015 (2s, n ¼ 7). This is within uncertainty of the known value of 0.282482 AE 0.000013 (Sláma et al., 2008) .
Sample information and analytical results
4.1. Southern Irumide Belt samples 4.1.1. Z14-17 (15 03 0 09.6 00 S, 29 50 0 59.8 00 E) Z14-17 is a pure quartzite collected from the CheworeeRufunsa Terrane (Fig. 2) , in a road cutting along Great East Road, approximately 20 km north-east of Rufunsa. Zircon grains from this sample range from w50 to 200 mm in length, and vary from stubby (1:1) or elongated (4:1). They range in appearance from clear to dark and cloudy. Some grains display oscillatory zonation that reflect the igneous growth of the grains and all grains display rounding typical of detrital zircons (Fig. 4) . In many cases, the CL zoning indicates that the rims of zircon grains were destroyed, possibly as a result of sedimentary abrasion, metamorphism or chemical alteration (Corfu et al., 2003) . Some zircon grains appear to be fragments of a larger grain. One hundred and seventeen (117) zircon cores and six rims were randomly selected for UePb LA-ICP-MS analysis, of which 62 cores were 10% discordant (Fig. 5a) (Fig. 7a) , which display REE concentrations typical of zircon (Hoskin and Ireland, 2000) that shows a general increase in elemental abundance with increasing atomic mass. Such a trend is also observed in each subsequent sample. Phosphorous contents range from w100e900 ppm (Fig. 7d) , with zircons between ca. 2.0 and 1.8 Ga having generally higher P contents than older grains. U, Yb and Hf values obtained from all analyses (in every sample) are consistent with zircon derived from a continental source ( Fig. 7e and f ; Grimes et al., 2007) . (Fig. 2) . Both samples are quartzite and contain minor muscovite. Zircons from these samples are w40 to 200 mm in length, ranging from stubby (1:1) or elongated (4:1). Zircon grains from Z14-01 are generally clear to dark in appearance, with some brownish grains present. Zircon grains from Z14-02 are clear in appearance. Grains in both samples commonly display oscillatory zonation that reflect the igneous growth of the grains, while all grains display rounding (Fig. 4) . In sample Z14-01, 136 zircon cores and four rims were randomly selected for UePb analysis, from this population 84 grain cores were 10% discordant. 23 zircon core analyses and five rim analyses were obtained from sample Z14-02 and seven cores were 10% discordant. Due to the proximity, common zircon morphology and similarity in ages obtained, in conjunction with the paucity of near concordant analyses from Z14-02, the analyses from these samples have been combined and are displayed on a Wetherill concordia diagram (Fig. 5c) (Fig. 2) . The sample is a psammite, being less pure than the previous quartzite samples and containing approximately 10% microcline and minor plagioclase. It also contains minor chlorite, muscovite and rutile. Zircons are between w20 and 120 mm in length and are stubby (1:1) to elongated (4:1) and are clear in appearance. The zircons typically display oscillatory zonation and all grains are rounded (Fig. 4) . Some grains display deformed or discontinuous zonation at the rims, which may reflect partially metamorphosed grains or a later stage of growth. The fractured appearance and zonation of some grains indicates that the grains are fragments of a larger grain. One hundred and twenty two zircon cores and nine rims were randomly selected for UePb analysis (Fig. 5e) (Pidgeon, 1992; Pidgeon et al., 1998; Ashwal et al., 1999; Vavra et al., 1999; Hoskin and Black, 2000; Collins, 2003; Collins et al., 2004; Kirkland et al., 2015) . Hf isotope analyses of < ca. 1000 Ma grains show similar Hf i values to grains from the ca. 1.0 Ga population (Fig. 8c) . The upper and lower concordia intercepts of this population are identifiable using the modelling method of Reimink et al. (2016) . This method produces a series of discordia lines and calculates an associated summed probability density, which serves as a measure of the likelihood that a given line contains discordant analyses. Likelihood in this context serves as a relative metric for deciphering upper and lower intercept ages. Fig. 8d is a visualisation of these chords and their relative likelihoods, with the most likely upper and lower intercepts for this sample at ca. 1.1 AE 0.05 Ga and 0.4 AE 0.2 Ga, respectively. There are also minor increases in likelihood for upper intercepts at ca. 2.0, 2.6, and 3.2 Ga that broadly correspond to age peaks observed in the previous samples. The most likely upper intercept obtained using this method is corroborated with a linear regression in ISOPLOT, which produces an upper intercept of 1071 þ 98/e44 Ma (MSWD ¼ 0.37; Fig. 8e ). The ca. 1.9 Ga analyses are also suspected to have experienced Pb-loss. A Pb-loss line can be traced through these analyses to the discordant ca. 1.5e1.3 Ga analyses and even to the most discordant ca. 700 Ma analyses. However an upper concordia intercept of analyses along this line is poorly resolved via the method of Reimink et al. (2016) . Instead, an upper intercept calculated using ISOPLOT yields an age of 2006 AE 77 Ma (MSWD ¼ 11.8; Fig. 8f ).
Hafnium isotope data were obtained for 17 zircons belonging to the ca. 1.0 and 2.0 Ga populations, as well as those of ca. 0.7 and 1.4 Ga age (Fig. 6) . The two analyses of zircons of ca. 650 Ma age returned ε Hf (t) values of À15.0 and À14.9, similar to or slightly more evolved than many of the zircon grains from the ca. 1.0 Ga population, providing a small indication that these grains may have initially Figure 6 . ε Hf (t) versus UePb age plot for detrital zircons from the Irumide Belt and SIB. Uncertainty for age and ε Hf (t) values are shown at the 2s level. The depleted mantle curve of Griffin et al. (2002) is plotted, as is the new crust line of Dhuime et al. (2011). belonged to the ca. 1.0 Ga population. Zircon grains from the ca. 1.0 Ga population have ε Hf (t) values ranging from À25.0 to À4.4, with the exception of two grains that have ε Hf (t) values of þ1.2 and þ 3.9. A single ca. 1.3 Ga grain yielded an ε Hf (t) value of þ5.4. Analyses from the 1.8 Ga population yielded two ε Hf (t) values of À2.2 and À0.5, comparable to values obtained for similar populations from the other samples analysed in this study. Trace element data (Fig. 7c) for this sample show a distinct REE enrichment for two analyses in comparison to the other obtained analyses, which is particularly noticeable in the light REE concentrations for these zircons. Such variance may reflect a difference in source material or subsequent metamorphism (Hoskin and Schaltegger, 2003; Wang et al., 2016) . These zircons yielded crystallisation ages of ca. 1.02 and 1.05 Ga, which is temporally indistinct from the majority of analyses from this sample. Morphologically, these zircons are largely indistinct from other grains of similar age in this sample, though are slightly darker in CL. P contents obtained for this sample range from w150 to 700 ppm (Fig. 7d) .
Irumide Belt samples
Three samples from the Irumide Belt were analysed for LueHf isotopic data. These samples were previously collected and analysed for UePb geochronology by De Waele et al. (2006a) , with detailed sample descriptions provided therein.
Sample IL14
Sample IL14 is a quartzite sampled from the Ilondola Mission area. The UePb zircon data were previously reported in De Waele et al. (2006a) and display prominent age populations at ca. 1.9, 2.0e2.1, 2.2, 2.4, 2.7, 2.9 and 3.0 Ga. Forty-one analyses were undertaken on grains from this sample. ε Hf (t) values obtained from concordia intercept calculated for the ca. 1.0 Ga population using ISOPLOT; (e) Upper concordia intercept calculated for grains of a suspected ca. 2 Ga population using ISOPLOT; (f) most likely upper and lower concordia intercepts (ca. 1.1 and 0.4 Ga, respectively) for sample Z14-05, obtained using the modelling method of Reimink et al. (2016) . these analyses range from À9.8 to þ6.5 (Fig. 5) , with all but three analyses returning a negative ε Hf (t) value. Notably, the three positive analyses were obtained from the grains with oldest three UePb ages (ca. 3.0e2.7 Ga) obtained from this sample.
Sample KAS
Sample KAS is a quartzite sampled near Kasama. This sample contains zircon age populations of ca. 1.4, 1.8e1.9, 2.0, 2.1, 2.2 and 2.6 Ga (De Waele et al., 2006a) . Twenty-nine analyses were obtained from this sample, with obtained ε Hf (t) values ranging from À6.6 to þ1.7 (Fig. 5) . The positive ε Hf (t) values obtained can be observed to from a cluster at ca. 1.87 Ga.
Sample MA6
Detrital zircon sample MA6 is a quartzite from near Mansa. Previously collected zircon UePb data indicates age populations at ca. 1.9, 2.0, 2.2, 2.4 and 2.7 Ga (De Waele et al., 2006a) . Thirty-nine analyses were obtained from this sample, with ε Hf (t) values that range from À11.3 to þ7.7 (Fig. 5) . Only two analyses provide positive values. The analysis returning an ε Hf (t) value of þ7.7 was obtained from the second oldest (ca. 2.9 Ga) grain analysed for this sample.
Discussion
Depositional age constraints on Southern Irumide Belt protoliths
Sample Z14-17 was sourced from the western-most CheworeeRufunsa Terrane of the SIB. From this sample the youngest age population was found to be ca. (Goscombe et al., 2000; Johnson et al., 2006 Johnson et al., , 2007b . The sample is interpreted to have been metamorphosed during this event and hence ca. 1095 Ma is taken to represent the minimum depositional age of this sample. Samples Z14-01 and Z14-02 were sourced from the Kacholola Terrane. From these samples, the youngest population identified is ca. 1.85 Ga in age. The youngest 10% discordant analysis was from Z14-01 yielded a 207 Pb/ 206 Pb age of 1764.4 AE 74.2 Ma (2s uncertainty) and is taken to represent the maximum depositional age of both samples. Igneous intrusions are rare within this terrane (Johnson et al., 2006) and there are a general lack of geochronological data that constrain the timing of metamorphism in this terrane. However, low Th/U metamorphic rims from the ca. 2.6 Ga basement granodiorite were dated at ca. 1.04 Ga (Cox et al., 2002) . We suggest this metamorphism is contemporaneous with that observed in the overlying sedimentary rocks in this terrane, and thus, reflects the minimum depositional age for these samples. U ratio is typical of post-crystallisation isotope remobilization in zircon (Pidgeon, 1992; Pidgeon et al., 1998; Ashwal et al., 1999; Vavra et al., 1999; Hoskin and Black, 2000; Collins, 2003; Collins et al., 2004; Kirkland et al., 2015) and is a visible feature in the ca. 850e600 Ma zircon from sample Z14-05 (Fig. 8b) . Hf stochiometrically replaces Zr in the zircon crystal structure, and is usually retained in the event of Pb loss. As such, grains that were subjected to postcrystallisation Pb loss are likely to retain their initial Hf values (Finch and Hanchar, 2003; Hawkesworth and Kemp, 2006) . Zircon grains with ages that are younger than ca. 1.0 Ga have Hf i values that are the same as those displayed in the ca. 1.0 Ga population (Fig. 8c) , indicating that the zircon may have been derived from the same crystallisation event. Given the equivalent Hf i values, decreasing 232 Th/ 238 U ratios and increasing concordance with increasing age (Fig. 8a and b) , it is interpreted that these grains do not record their true age. These grains have likely undergone postcrystallisation isotope remobilization as a result of metamorphism during ca. 540 Ma collision between the Congo and Kalahari cratons. This suggests that the zircon grains may have been a part of an older (ca. 1.1e1.0 Ga) population prior to Pb loss. The obtained upper concordia intercept age of 1071 þ 98/e44 Ma (MSWD ¼ 0.37) and maximum likelihood intercept of w1.1 Ga (Fig. 7) correspond with magmatism occurring in the SIB between ca. 1095 and 1040 Ma. The magmatism occurring at this time is suggested to represent the last source of sedimentary input to this sample and therefore, represent the maximum depositional age. We acknowledge that some of these zircon analyses may instead represent slightly younger magmatic events occurring in the Irumide Belt at ca. 1020 Ma (De Waele et al., 2006b) , though resolving this conundrum is difficult with the obtained analyses. This sample of quartzite falls within the broader mapping unit of Neoproterozoic gneiss, which is widespread throughout the NyimbaeSinda terrane. A sample of this gneiss, located w40 km southwest of this sampling locality has a protolith age of 742 AE 13 Ma (Johnson et al., 2006) . Though early work tentatively suggested that Neoproterozoic gneiss formed the basement to the overlying quartzite (Johns et al., 1989) , a rigorous relationship between the gneiss and the quartzite is unclear. If the protolith to the gneiss intruded the metasediments, this would provide a direct constraint on the minimum depositional age of the sample.
Correlation and provenance of Southern Irumide Belt metasedimentary rocks
CheworeeRufunsa and Kacholola terranes
Samples from the CheworeeRufunsa (Z14-17) and Kacholola (Z14-01 and Z14-02) terranes have prominent detrital zircon UePb age peaks at ca. 2.0, 2.7 and 3.3 Ga, with trace element concentrations that reflect continental sources (Figs. 6f and 7e) . Recently, the concentration of P in zircon has been used as a tool in distinguishing zircons derived from I-and S-type granites (Burnham and Berry, 2017) . If the zircon grains from these samples were sourced from phases of predominantly granitic magmatism, grains older than ca. 2.0 Ga were likely sourced from I-type granites (Fig. 7d) . Zircon grains belonging to the ca. 2.0 and 1.8 Ga populations display variable P contents that could reflect I-and possibly S-type granite sources. The age populations observed in these samples correlate well with age populations reported by De Waele et al. (2006a) for the Muva Supergroup. Furthermore, the ε Hf (t) values obtained for CheworeeRufunsa and Kacholola samples (Z16-17, Z16-01 and Z16-02) are identical to values obtained in this study for these same populations. Both the aforementioned terranes and Muva Supergroup display detrital zircon age peaks that correspond with the main magmatic phases observed within the Bangweulu Block (De Waele et al., 2003 , 2006a b) . ε Nd (t) data obtained by De Waele et al. (2006b) clearly demonstrate that the igneous phases in the Bangweulu Block are the result of Proterozoic crustal reworking, which is consistent with the evolved zircons from this study. On the basis of highly correlative age populations and isotopic values, it is interpreted that the sedimentary rocks of the CheworeeRufunsa and Kacholola terranes were derived from the same or similar source to that of the Muva Supergroup. The prominent ca. 2.0 Ga zircon grains population are likely sourced from Usagaran or Ubendian phase granites. De Waele et al. (2006b) used this term to not only encompass the magmatism occurring in the UbendianeUsagaran Belt at this time (Ring et al., 1997; Boniface et al., 2012; Tulibonywa et al., 2015) , but also in the SW Irumide Belt. As such, zircons forming the ca. 2.0 Ga age peak may have been sourced from either region. The ca. 1.8 Ga age population observed in sample Z14-17 may be derived from Usagaran or Ubendian phase intrusions, granitoids of ca. 1.85e1.80 Ga age that are speculated to have been part of a widespread plutono-volcanic province ranging from the Ubendian Belt to the Domes region of the Copperbelt in northern Zambia (De Waele et al., 2006b ). The south-west Irumide Belt records ca. 2.7 Ga magmatism (De Waele, 2004; De Waele et al., 2006b ) and may explain the presence of the small ca. 2.7e2.6 Ga detrital zircon age population found in samples from both terranes. Another potential source of this population can be found in the Isimani Suite of the Usagaran Belt. Here, Collins et al. (2004) reported xenocrysts of ca. 2.7 Ga age in post-tectonic granites. From these data and previous work (Maboko, 1995; Möller et al., 1995; Muhongo et al., 2001; Stern, 2002) , a large volume of ca. 2.7 Ga material (subsequently reworked in the Usagaran orogen) was located to the east of the Tanzanian Craton. Three zircon grains from the three samples record ages over 3 Ga and it is possible that these are derived from a cryptic basement terrane described by De Waele et al. (2008) . The proposed terrane possibly underlies both the Bangweulu Block and Irumide Belt. These authors further suggest this may be the same block that collided with the Tanzania Craton between 2 and 1.8 Ga.
The sediments of the Muva Supergroup are suggested to have correlatives in parts of both central Madagascar and Southern India (Cox et al., 2004; Plavsa et al., 2014 Plavsa et al., , 2015 , an interpretation made with the few data available at the time. In central Madagascar, multiple metasedimentary units preserve detrital age populations that are consistent with those observed in this study. Although the relative population sizes differ between the central Madagascan units and samples obtained in this study, the data indicate that sediments in both regions sourced similarly aged material. The Hf isotopic data obtained in this study provides a new detrital fingerprint for correlation, and indicates that the age populations common to sedimentary rocks of both the southern Congo margin and central Madagascar display broadly similar ε Hf (t) values. Zircons with ages between ca. 2.1 and 1.9 Ga in both regions record ε Hf (t) values between approximately À10 and þ 1. Zircons with ages between ca. 3.0 and 2.5 Ga in central Madagascar record predominantly juvenile ε Hf (t) values, although a significant portion of samples record evolved values (Archibald et al., 2015) that are consistent with the values recorded by similarly aged grains in the Irumide and Southern Irumide belts. Few data are available for the 3.2 Ga population, although slightly evolved ε Hf (t) values were recorded for both regions (Archibald et al., 2015) . As such, the results of this study are consistent with interpretations of the southern and eastern margins of the Congo Craton were a source region for ArchaeanePalaeoproterozoic detrital zircon found in central Madagascar. Plavsa et al. (2014) compared UePb and Hf isotope data from southern India to that available for the Congo Craton and central Madagascar, interpreting a correlation between units in each region that was later supported with the data obtained by Archibald et al. (2015) . With the exception of the ca. 3.2 Ga population, UePb age populations identified in this study are similarly present in those identified in sediments from southern India. Hf data is not available for ca. 1.9 Ga zircon grains. For those belonging to older populations ε Hf (t) values range from approximately À5 to þ10 and are predominantly juvenile (Plavsa et al., 2014) . This is contrary to Hf data collected in this study, where sediments older than 2.0 Ga have evolved isotopic signatures. More data are required to thoroughly constrain the sediment sources in this region but the southern Congo margin could, at the very least, be a partial sediment source.
NyimbaeSinda Terrane
Sample Z14-05 was collected from the NyimbaeSinda Terrane, and displays age peaks at ca. 1.0 and 1.9 Ga. We interpret the 1.9 Ga population to have been subjected to Pb loss, as such an upper concordia intercept of 2006 AE 77 Ma is used to characterise this peak. This age suggests that this population may have been derived from Usagaran phase granites, similar to the samples from the CheworeeRufunsa and Kacholola terranes. Similarly, the 1.0 Ga population is interpreted to have been subjected to Pb loss. We instead argue that the upper intercepts show that the analyses formed a single coherent population at ca. 1.1e1.0 Ga (Fig. 8d and e) . This age indicates that the sample and associated sedimentary sequence represent a younger cover sequence post-dating orogenesis in the region at ca. 1090e1020 Ma. Arc magmatism in the SIB has been shown to have occurred between ca. 1095 and 1040 Ma (Johnson et al., 2006 (Johnson et al., , 2007b Westerhof et al., 2008) and involved the contamination of juvenile material by silicic continental crust, typical of a continental-margin-arc setting (Johnson et al., 2007b) . On the basis of the age and isotopic nature of this magmatism, we suggest these intrusions provide an ideal sediment source for Z14-05. Other possible sediment sources can be found along the southern Congo margin, and further afield in Africa. Similarly aged (ca. 1.1e1 Ga) sediments can be found in southern Zambia, as part of a supracrustal sequence in the Zambezi Belt (Johnson et al., 2007a) . These sediments are thought to have been deposited on the southern Congo margin, and sourced directly from underlying basement that could also represent a source for the NyimbaeSinda sediments. Contemporaneous rocks in western Madagascar (Dabolava Suite; ca. 1080e980 Ma) were recently interpreted to represent oceanic arc relicts that were part of the same arc as the Irumide Belt at this time . The ε Hf (t) values obtained in this study for similarly aged zircons are predominantly evolved, though two grains display juvenile values equivalent with those obtained by Archibald et al. (2017) . As such, plutonic and volcanic rocks in western Madagascar are unlikely to be the source for these ca. 1.1e1.0 Ga detrital zircons.
Palaeogeographic implications
The geochronological data gathered in this study for sedimentary rocks of the CheworeeRufunsa and Kacholola terranes strongly suggests that they were derived from the same sources as the Muva Supergroup. Such a correlation may indicate thateecontrary to previous interpretationseethe CheworeeRufunsa and Kacholola terranes of the SIB were depositionally connected and hence, adjacent to or in close proximity to the Irumide Belt. Such implications may extend to the terranes and complexes in Mozambique and Tanzania that are suggested to be a continuation of the SIB (Westerhof et al., 2008; Bingen et al., 2009; Thomas et al., 2016) . Previous interpretations contradict this hypothesis, instead arguing that the SIB collided with the southern Congo margin after forming on the Rushinga microcontinent ( Fig. 9 ; Johnson et al., 2005 Johnson et al., , 2007 Begg et al., 2009 ). These alternative interpretations cite the likely presence of the Mwembeshi Shear Zone between the two belts (reactivating the suture between the belts), and their contrasting styles of metamorphism. However, rigorous pressureetemperature estimates are not available for most regions in either belt, and recent estimates obtained for the Chipata Terrane instead appear to indicate that both the Irumide and Southern Irumide belts experienced similar pressures of metamorphism during the same period (Karmakar and Schenk, 2016) , which may contradict the basis for these interpretations. As such, it remains a plausible scenario that at least the Zambian terranes of the SIB originally formed on the Congo margin and were available for sedimentation from Muva Supergroup sources, similar to sequences in the Irumide Belt (Fig. 10) . This suggests that the Palaeoproterozoic basement of the SIB is the same basement to that of the Irumide Belt, and implies the SIB did not form on a discrete micro-continental mass that later collided with the southern Congo margin. The Luangwa Valley (and possibly Mwembeshi Shear Zone) located between the Irumide and Southern Irumide belts may instead reflect the site of thinned continental crust that experienced multiple periods of extension and contraction. We suggest an alternative model where the gap in magmatic ages recorded in the southern Irumide Belt (ca. 1095e1040 Ma) and Irumide Belt (ca. 1020 Ma) reflects the magmatic front migrating towards the foreland in response to a shallowing subduction zone. Such a feature is documented in the Andes ( Fig. 9 ; Ramos and Folguera, 2005) , with a spatial and temporal gap (w100 km and 40 Ma) in magmatic fronts that is similar to that recorded in the Irumide and Southern Irumide belts. If rifting subsequently separated a micro-continental mass from the southern Congo margin (forming the Rushinga Microcontinent), it would be equivalent to basement located on the southern Congo Craton. The plausibility of these interpretations are dependent on the remaining work to be done to constrain the relationship between the Irumide and Southern Irumide belts.
Detrital zircons from Z14-05 indicate that this sample is part of a cover sequence present within the NyimbaeSinda terrane that post-dates the orogenic events occurring in the SIB and Irumide Belts between ca. 1095 and 1020 Ma (Johnson et al., 2007b) . The extent of this cover sequence is unknown, though it appears to correlate with sedimentary rocks in northeast Mozambique and southern Tanzania, which yield similar age populations and depositional constraints to the analysed sample ( Fig. 10 ; Bingen et al., 2009; Thomas et al., 2016) . This sequence likely includes the extensive carbonates preserved in the NyimbaeSinda Terrane, with marbles similarly preserved in southern Tanzania. The prominent ca. 1.0 Ga age peak and isotopic nature of zircons from Z14-05 are consistent with SIB magmatism and possibly crustal melting in the Irumide Belt. Widespread Neoproterozoic gneiss occurs within this terrane, in close association with the potentially rift related volcanic rocks (Barr and Drysdall, 1972; Johnson et al., 2006) . This led Johnson et al. (2006) to speculate that this terrane could represent rifting between the Congo and Kalahari cratons. Similarly aged (714 AE 17 Ma) magmatism has been identified in northeast Mozambique (Bjerkgard et al., 2009) , which is also interpreted as part of a continental rift related cover sequence . If these sequences do indeed have a rift related origin, then the timing of their formation supports the Neoproterozoic model of Merdith et al. (2017) . These authors interpret such rifting along the southern margin of the Congo Craton at this time, occurring as an extension of the spreading system that served to separate the Australian Plate from Laurentia during the initial breakup of Rodinia (Fig. 10) .
Conclusions
Detrital zircons in metasedimentary rocks of the CheworeeRufunsa and Kacholola terranes are Palaeoarchaean to Palaeoproterozoic in age and are derived from relatively evolved sources, reflecting the reworking of crustal material. These sedimentary protoliths were deposited between ca. 1.8 and 1.1 Ga. Similar age peaks and isotopic characteristics of zircon grains from these western terranes of the SIB suggest that they correlate with the Muva Supergroup (or at least share the same sources). Whether the sedimentary protoliths reflect these terranes forming on the edge of the Congo Craton, or instead reflect the deposition of sediments from the same sources on to an advancing Rushinga microcontinent that collided with the Congo Craton, remains unresolved. Further east in the SIB, detrital zircons in metasedimentary rocks of the NyimbaeSinda Terrane show a marked difference in age, ranging from Palaeoproterozoic to Neoproterozoic. The sedimentary protoliths here were deposited between ca. 900 and 740 Ma, suggesting that this is a Neoproterozoic cover sequence with correlatives elsewhere within the SIB, in northeast Mozambique and southern Tanzania. Detrital zircons of this terrane display UePb ages and ε Hf (t) values that suggest that they are sourced from ca. 1095e1040 Ma continental-margin-arc magmatism in the SIB and possibly ca. 1020 Ma crustal anatexis in the Irumide Belt. Age and depositional constraints indicate that these sedimentary protoliths were deposited after magmatism and metamorphism in the Irumide and Southern Irumide belts. We suggest that this cover sequences, and its correlatives in Mozambique and Tanzania, reflect a history of Neoproterozoic extension that is intermittently recorded throughout the SIB. Such extension is interpreted to reflect rifting occurring on the southern margin of the Congo Craton during initial break up of Rodinia. This study serves to highlight the enigmatic development of much of the SIB, and its relationship to the Irumide Belt. Additional work is required to rigorously constrain the evolution of this region to determine the tectonic implications for the development of the southern Congo Craton and central Gondwana during the Neoproterozoic.
